We report the performance of a periodically poled lithium niobate (PPLN) crystal inside a diode-pumped Nd: YVO 4 laser for simultaneous laser Q switching and optical parametric oscillation. The monolithic PPLN crystal consists of two sections, a 1-cm-long 14-m-period electrode-coated section and a 4-cm-long 30-m-period section, functioning as a low-voltage Pockels cell and a quasi-phase-matched parametric gain medium, respectively. At a 150-V Q-switching voltage and a 6-kHz switching rate, we measured 25-J pulse energy and 4-kW peak power at 1.55 m with 9-W absorbed diode power. A quasi-phase-matched (QPM) nonlinear optical material is known to have a large effective nonlinear coefficient and no walk-off problems in nonlinear wavelength conversion. Recent developments in the use of a QPM structure in an electro-optic material for polarization rotation have advanced the technology for a low-voltage Q-switched laser.
A quasi-phase-matched (QPM) nonlinear optical material is known to have a large effective nonlinear coefficient and no walk-off problems in nonlinear wavelength conversion. Recent developments in the use of a QPM structure in an electro-optic material for polarization rotation have advanced the technology for a low-voltage Q-switched laser. 1 Therefore an integrated QPM device can be versatile in function if electro-optic and wavelength-conversion advantages can be combined in a monolithic crystal substrate through convenient and mature microfabrication techniques. Previously cascaded QPM crystals were used for wavelength conversion. In this Letter we report the performance of a monolithic QPM device for simultaneous laser Q switching and optical parametric oscillation near the 1.55-m eye-safe wavelength.
Nanosecond and multikilowatt solid-state laser sources emitting in the eye-safe wavelength ͑1.5-1.6-m͒ range are of particular interest for optical ranging and sensing applications. Either extracavity 2 or intracavity 3 optical parametric oscillation with a Q-switched pump laser has been employed for generating eye-safe laser pulses. An optical parametric oscillator internal to a Q-switched laser can take the advantage of the high intracavity pump power for efficient wavelength conversion. Although the study of such pump Q-switched intracavity optical parametric oscillators 4, 5 (IOPOs) can be dated back to the early 1970s, these oscillators did not draw much attention until recently, perhaps because of difficulty in optimizing both a laser Q switch and a nonlinear optical material in a single laser cavity.
A resonant system such as a laser can be highly sensitive to the insertion of an intracavity element that usually introduces additional loss in a resonator and misaligns the laser-beam path. With the invention of the low-voltage QPM laser Q switch, 1 it is now possible to cascade a laser Q switch and a nonlinear wavelength converter in a monolithic QPM crystal such that the difficulty with resonator loss and laser alignment can be greatly reduced. In this Letter we report a highly efficient nanosecond IOPO inside a Nd: YVO 4 laser that uses a periodically poled congruent lithium niobate crystal serving simultaneously as a laser Q switch and a parametric gain medium. The periodically poled lithium niobate (PPLN) crystal comprises a QPM Pockels cell and a QPM wavelength-conversion section. The advantage of such integration is evident in that among popular nonlinear optical crystals a PPLN Pockels cell has the lowest half-wave switching voltage for a given physical configuration 1 and a PPLN wavelength converter has a relatively large effective nonlinear coefficient ͑d eff ϳ 17 pm/ V͒. Lithium niobate is also known to be an excellent acousto-optic material and can be doped with laser active ions such as Nd 3+ . 6 We believe that the demonstration of a monolithic electro-optic and parametric QPM element for a pump Q-switched IOPO in this Letter is an important step toward the achievement of integrated QPM devices for high-efficiency multifunction laser sources. Figure 1 shows a schematic of a pump Q-switched singly resonant IOPO with a monolithic PPLN crystal in a diode-pumped Nd: YVO 4 laser. The PPLN crystal is 5 cm long, 1 cm wide, and 0.5 mm thick and comprises two cascaded QPM sections. The first QPM section has a grating period of 14 m that is quasiphase matched to the first-order electro-optic QPM condition at 1.064 m and 35.4°C. 1 To use this PPLN section as a Pockels cell for a laser Q switch, we constructed two trench electrodes parallel to the crystallographic x direction on the +z surface of the PPLN crystal. 1 The two electrodes are separated by 1 mm, and the effective laser aperture is 1 mmϫ 0.4 mm in the crystal's y -z plane. The second PPLN section is 4 cm long and has a first-order QPM grating period of 30 m for quasi-phase matching of the 1.064-m pumped IOPO with the signal and the idler at 1.55 and 3.393 m, respectively, at 35.4°C. Both end faces of this monolithically cascaded PPLN crystal are antireflection (AR) coated; they have single-face transmittances of 98.5% and 99.3% at 1.064 and 1.55 m, respectively. The laser gain medium is a 9-mm-long 0.25-at. %-doped a-cut Nd: YVO 4 crystal, pumped by a fiber-coupled 809-nm diode laser with a fiber core diameter of 800 m. The 1.064-m wave oscillates in an ϳ24-cm folded linear cavity defined by three highreflection mirrors, M1-M3. Mirror M1 has a 99.7% reflectance (R) coating at 1.064 m on the flat output face of the 1:1 pump coupling lens. Mirror M2 is a 45°fl at reflector with 99.56% reflectance at 1.064 m and 97% transmittance at 1.55 m. M3 is a planoconcave mirror with a radius of curvature (ROC) of 100 mm and a dielectric coating layer of 99.9% reflectance at 1.064 m and 60% reflectance at 1.55 m. A singly resonant IOPO cavity is formed by a pair of 100-mm radius-of-curvature plano-concave mirrors, M3 and M4, of which M3 is common to the 1.064-m pump cavity and M4 has 99.7% reflectance at 1.55 m. This cavity section becomes an intracavity optical parametric generator (IOPG) when mirror M4 is removed. Lens L in Fig. 1 was antireflection coated at 1.064 m with 99.3% transmittance per surface. This lens focuses the 1.064-m pump laser to the center of the PPLN crystal with a waist radius of 130 m.
The working principle of a PPLN Pockels cell was reported elsewhere, 1 and we shall not repeat it here. As the 1.064-m wave oscillated in a low-loss resonator, Q-switched operation at 1.064 m can be effective only through a fast energy-transfer process. In the research reported here, fast energy transfer is provided by efficient conversion of the 1.064-m pump power to 1.55-m signal power through an optical parametric process. In operation, we drove the PPLN Pockels cell with a 300-ns pulse train at a 6-kHz pulse rate. We kept the peak voltage amplitude at ϳ150 V, which is approximately the theoretical quarter-wave voltage of this device. 1 When it was pumped by 2-W diode-laser power, the IOPO started generating 1.55-m signal pulses. We found that this threshold diode power for the IOPO was almost the same as that for cw oscillation of the 1.064-m wave with the PPLN Pockels cell turned off, which indicates efficient parametric energy transfer in the IOPO cavity. Curve (a) in Fig. 2 shows the measured average power of the 1.55-m signal through output coupler M3 as a function of the absorbed diode power for the IOPO. With 9-W absorbed diode power, we produced 150-mW average power at 1.55 m. Trace (a) of Fig. 3 shows the corresponding signal pulses from the IOPO, where a secondary pulse was generated approximately 70 ns after the main pulse. The dynamics of the multiple-pulse phenomenon in an IOPO has been studied both theoretically 7 and experimentally. 3 In principle, multiple pulses from a pump Q-switched IOPO can occur when an IOPO threshold is low enough that after the first firing the undepleted pump is amplified again to reach the IOPO threshold during the Q switch's open state (the high-cavity Q state). For our case, the Q switch's open state was ϳ300 ns. Either large parametric gain or small output coupling can result in a low pump threshold to an IOPO. Thus, to remove the secondary pulse, one can increase the signal's output coupling or reduce the parametric gain.
To increase the output coupling of the signal we removed mirror M4 (refer to Fig. 1) , and thus the IOPO became an IOPG. At a Q-switching rate of 6 kHz the total signal output power from both PPLN end faces is as plotted versus the absorbed diode power as curve (b) in Fig. 2 , and the output signal pulse is shown as trace (b) in Fig. 3 . At 9-W absorbed diode power, the signal output power was ϳ7 times lower than that from the IOPO, but the secondary signal pulse no longer showed up at the output. As expected, the IOPG pulse width, 2.6 ns, was shorter than the IOPO pulse width, 4 ns, owing to the exponential gain during optical parametric generation. If we de- Fig. 1 . Schematic of the pump Q-switched singly resonant IOPO with a monolithic PPLN crystal in a diode-pumped Nd: YVO 4 laser system. Mirrors M1-M3 form a resonant cavity for the 1.064-m wave, and mirrors M3 and M4 form a resonant cavity for an OPO. HT, high transmission; other abbreviations defined in text. Fig. 2 . Measured average output power of the 1.55-m signal wave versus the absorbed diode power for the IOPO and IOPG with a 4-cm PPLN gain crystal and for the IOPO with a 2-cm PPLN gain crystal at a Q-switching rate of 6 kHz. We readily obtained the IOPG by removing mirror M4 shown in Fig. 1. fine the detection limit of our laser powermeters (0.5 mW or 0.1 J / pulse) to be the threshold of both the IOPO and the IOPG, curves (a) and (b) of Fig. 2 show that the IOPO threshold was ϳ2.5 times lower in diode pump power than the IOPG, from which we estimated that the 1.064-m threshold pump power for the IOPO is a few tens of watts, or 2 orders of magnitude, lower than that for the IOPG. 8 To reduce parametric gain we first reinstalled mirror M4 to form the IOPO cavity and used a shorter PPLN crystal for parametric conversion. This PPLN crystal had a 2-cm-long 29.6-m-period section that was quasi-phase matched to pump, signal, and idler wavelengths of 1.064, 1.516, and 3.569 m, respectively, at 35.4°C. The second crystal section was a 1.3-cm-long 14-m-period PPLN Pockels cell for laser Q switching. The signal output power is plotted versus the diode-laser input power as curve (c) in Fig. 2 , and the signal output pulse is shown as trace (c) of Fig. 3 . At a switching rate of 6 kHz and an absorbed diode power of 9 W, the signal output power was 75 mW, or approximately half that of the first IOPO in Fig. 1 . It can be observed that the signal pulse shown in Fig. 3(c) does not have any satellite pulse and has a pulse width that is comparable with the principal pulse width of the previous IOPO. The previous IOPO generated 25-J energy from the principal and secondary signal pulses, whereas the reduced-gain IOPO generated ϳ13-J / pulse signal energy at the same 9-W diode pump power. It is interesting to note that the signal output energy is roughly proportional to the PPLN gain length in the two IOPOs. This suggests a range of flexibility in choosing parametric gain and output coupling to further optimize the signal pulse's energy for various applications that do or do not require a secondary signal pulse.
We observed in the spectral measurements a linewidth reduction factor of 2.3 from the IOPG to the IOPO spectrum. IOPO linewidth ⌬ osc is governed by the expression ⌬ osc = ⌬ sp / ͱ p, where ⌬ sp is the single-pass optical parametric generator's linewidth and p is the number of cavity transits during signal buildup. 9 From the 40% optical parametric oscillator loss and 13-cm cavity length, we estimated a signal lifetime of ϳ2 ns, which is more or less consistent with the 4-ns signal pulse width in Fig. 3(a) . Accordingly, the number of signal transits in the IOPO during signal buildup is p ϳ 5 and the theoretical signal linewidth reduction factor is ͱ p ϳ 2.2, very close to the observed linewidth reduction factor of 2.3.
In conclusion, we have demonstrated a monolithic QPM crystal for simultaneous laser Q switching and intracavity optical parametric oscillation. The QPM crystal consists of a PPLN Pockels cell and a PPLN wavelength converter. By driving the PPLN Pockels cell with 150-V pulses at 6 kHz we obtained 1.55-m multikilowatt eye-safe signal pulses at 9-W absorbed diode power. The IOPO in the diodepumped Nd: YVO 4 laser has a threshold power of 2 W at 809 nm. We also demonstrated control of the parametric gain and the output coupling in an IOPO to obtain single or double output pulses. This research shows a promising direction in use of monolithically integrated QPM nonlinear optical devices for building a versatile laser source. 
